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Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A. EINsTEIN, B. PopoLsky aAND N. RoOSEN, Institute for Advanced Study, Princeton, New Jersey
(Received March 25, 1935)

In a complete theory there is an element corresponding
to each element of reality. A sufficient condition for the
reality of a physical quantity is the possibility of predicting
it with certainty, without disturbing the system. In
quantum mechanics in the case of two physical quantities
described by non-commuting operators, the knowledge of
one precludes the knowledge of the other. Then either (1)
the description of reality given by the wave function in

quantum mechanics is not complete or (2) these two
quantities cannot have simultaneous reality. Consideration
of the problem of making predictions concerning a system
on the basis of measureménts made on another system that
had previously interacted with it leads to the result that if
(1) is false then (2) is also false. One is thus led to conclude
that the description of reality as given by a wave function
is not complete,

Phys. Rev. 47, 777 (1935) EPR
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Teleporting an Unknown Quantum State via Dual Classical and
Einstein-Podolsky-Rosen Channels

Charles H. Bennett,(!) Gilles Brassard,(? Claude Crépeau,(®>(®
Richard Jozsa,(?) Asher Peres,® and William K. Wootters(®)
(Y IBM Research Division, T.J. Watson Research Center, Yorktown Heights, New York 10598
() Département IRO, Université de Montréal, C.P. 6128, Succursale “A”, Montréal, Québec, Canada H3C 3J7
(3) Laboratoire d’Informatique de I’Ecole Normale Supérieure, 45 rue d’Ulm, 75230 Paris CEDEX 05, France'®
) Department of Physics, Technion—Israel Institute of Technology, 32000 Haifa, Israel
(E)Department of Physics, Williams College, Williamstown, Massachusetts 01267
(Received 2 December 1992)

An unknown quantum state |¢) can be disassembled into, then later reconstructed from, purely
classical information and purely nonclassical Einstein-Podolsky-Rosen (EPR) correlations. To do
so the sender, “Alice,” and the receiver, “Bob,” must prearrange the sharing of an EPR-correlated
pair of particles. Alice makes a joint measurement on her EPR particle and the unknown quantum
system, and sends Bob the classical result of this measurement. Knowing this, Bob can convert the
state of his EPR particle into an exact replica of the unknown state |¢) which Alice destroyed.
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Charles Bennett
(1943-)
©Ava Furuta Phys. Rev. Lett. 70, 1895 (1993) Bennett et al.
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A single quantum cannot be cloned

W. K. Wootters*

Center for Theeretical Physics, The University of Texas at Austin,
Austin, Texas 78712, USA

W. H. Zurek

Theoretical Astrophysics 130-33, California Institute of Technology,
Pasadena, California 91125, USA

1f a photon of definite polarization encounters an excited atom,
there is typically some nonvanishing probability that the atom
will emit a second photon by stimulated emission. Such a photon
is guaranteed to have the same polurization as the original
phoion, But is it possible by this or any other process to amplify
@ quantum state, that is, to produce several copies of a quantum
system (the polarized photon in the present case) each having
the same state as the original? If it were, the amplifying process
could be used to ascertain the exact state of a quantum system:
in the case of a photon, one could determine its polarization
by first producing a beam of nlznliully polarized copies and
then mmnrhg the Stokes parameters’'. We show here that the
linearity of hanics forbids such replication and
that this conclusion holds for all quantum systems.

Note that if photons could be cloned, a plausible argument
could be made for the possibility of faster-than-light communi-
cation®. Tt is well known that for certain non-separably corre-
lated Einstein-Podolsky-Rosen pairs of photons, once an
observer has made a polarization measurement (say, vertical
versus horizontal) on one member of the pair, the other one,
which may be far away, can be for all purposes of prediction
regarded as having the same polarization®. If this second photon
could be replicated and its precise polarization measured as
above, it would be possible to ascertain whether, for example,
the first photon had been subjected 1o a measurement of linear
or circular polarization. In this way the first observer would be
able to transmit information faster than light by cm:odmg hl.s
message into his choice of ‘The actual i
ity of cloning photons, shown below, thus prohibits super-
luminal communication by this scheme. That such a schemc
must fail for some reason despite Ihc 1l

on an incoming photon with polarization state |s):
[E RPN [§§]

Here |Ao) is the ‘ready’ state of the apparatus, and |A,} is its
final state, which may or may not depend on the polarization
of the original photon. The symbol [ss) refers to the state of
the radiation field in which there are two photons each having
the polarization |s). Let us suppose that such an amplification
can in fact be accomplished for the vertical polarization |§)
and for the horizontal polarization |«=). That is,

A )= A1) (2)

and
[Ag)ler) = AN (3)

According to quantum mechanics this transformation should
be representable by a linear (in fact unitary) operator. It there-
fore follows that if the incoming photon has the polarization
given by the lincar combination a| § )+ gj+)—for example, it
could be linearly polarized in a direction 45° from the vertical,
50 that @ =8 =2""*—the result of its interaction with the
apparatus will be the superposition of equations (2) and (3):

[Aada| §1+Bles)) = alA 3 +Bl A H) (4)

If the apparatus states IA“..} and |A,.} are not identical, then
the two photons emerging from the apparatus are in a mixed
state of polarization. If these app states are id I
then the two photons are in the pure state

alth+ple) (5)

In neither of these cases is the final state the same as the state
with two photons both having the polarization a|§ }+8|<).
That state, the one which would be required if the apparatus
were to be a perfect amplifier, can be written as

27 aa g+ Bat 10y =« 131) + 2 PaB| T e +BYE)

which is a pure state different from the one obtained above by
superposition [equation (5)].

Thus no apparatus exists which will amplify an arbitrary
polarization. The above argument does not rule out the possibil-
ity of a device which can amplify two special polarizations, such
as vemcn] and horizontal. Indeed, any measuring device which

of long-range quantum correlations® ®, is a general

2 b these two polarizations, a Nicol prism
for l¢, could be used to trigger such an amplification,

of quantum mechanics’.
A perfect amplifying device would have the following effect

® Present address: Department of Physics and Astroncmy, Williams College. Williamszown,
Massachusetts 01267, USA.

The same argument can be applied to any other kind of
quantum system. As in the case of photons, linearity does not
forbid the amplification of any given state by a device designed
especially for that state, but it does rule out the existence of a
device capable of amplifying an arbitrary state.

Nature Vol. 299 28 Oclober 1982

803

Milonni (unpublished work) has shown that the process of
stimulated emission does not lead 1o quantum amplification,
b if there is d emission there must also be—with
equal probability in the case of on¢ incoming photon—spon-
taneous emission, and the polarization of a spontaneously emit-
ted photon is entirely independent of the polarization of the
original.

It is conceivable that a more sophisticated amplifying
apparatus could get around Milonni's argument. We have there-
fore presented the above simple argument, based on the
linearity of quantum mechanics, to show that no apparatus,
however complicated, can amplify an arbitrary polarization.

‘We stress that the question of replicating individual photons
is of practical interest. It is obviously closely related to the

Receved 11 August; accepled T Seplember 1982

Bora, M. & Woll, E. Principles of Optics 4th edn (Pargamon, New York, 1970}
Herbert, M. Found. Phys. (in the press).

Eisstein, A, Podolky, B. & Roten, N. Phys. Reo. 47, 777-780 (19351

Bobm, D, Quanmm Theory, 611-623 (Frentice-Hall, Englewaod Cliffa, 1951]
Kocher, C. A. & Commans. E. D, Phys. Reo. Lest. LB 575-578 (1967),
Freedman, 5. 1. & Clauscr, 1. R Phys. Rev. Lewt 28, 938-941 (1972)

quantum limits on the noise in amplifiers™*'. Moreover, an

experiment devised to establish the extent to which polarization

of single photons can be replicated through the process of

stimulated emission is under way (A, Gozzini, personal com-

munication; and see ref. 12). The quantum mechanical predic-

tion is quite definite; for each perfect clone there is also one
domly polarized, sp itted, photon.
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Jacobson, Peter Milonni, Marlan Scully, Pierre Meystre, Don
Page and John Archibald Wheeler for enjoyable and stimulating
discussions.
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